SUMMARY Over a 9-month period, the incidence and characteristics of hypertension followtng coronary artery bypass surgery were studied in a group of 52 patients. Hypertension occurred in 61% of the patients and was characterized by an increase in arterial blood pressure of 35 ± 2 mm Hg mean ± SEM during the early postoperative period. Preoperative blood pressures and hemodynamk variables were similar in those who developed hypertension and those who remained normotenshe. Ninety-four percent of those who developed hypertension as compared to only 40% of those who remained normotensive received propranolol during the 24 hours preceding surgery (x 1 = 15.4; p < 0.001). Maximal blood pressures during the first 5 hours following the termination of cardiopulmonary bypass were significantly positively correlated with preoperative propranolol dosage (p < 0.01). Hypertension was not associated with significant changes in plasma renin activity or angiotensin II levels, but concomitant plasma catecholamine concentrations were elevated significantly (p < 0.005). However, a similar rise in plasma catecholamine concentrations was found in those who remained normotensive. Hypertension was associated with an increase in systemic vascular resistance (p < 0.001) and left ventricular stroke work index [p < 0.05), and a fall in stroke volume (p < 0.005) and cardiac index (p < 0.001). These studies suggest that hypertension following coronary artery bypass surgery is common, results from an increase in systemic vascular resistance, is not renin-angiotensin mediated, and may, in part, be related to preoperative propranolol administration. (Hypertension 2: 291-298, 1980) KEY WORDS • hypertension • coronary artery bypass surgery • renin activity catecholamine • hemodynamics D URING a 3-month period from March to May, 1977, more than 70% of patients undergoing coronary artery bypass surgery at The Johns Hopkins Hospital experienced vasomotor instability within the first 24 hours following revascularization. While hypotension requiring the administration of vasopressor agents was occasionally noted, the more common problem was that of hypertension. Since the incidence and severity of postoperative hypertension noted in this group was both surprising and disturbing, the circumstances surrounding the development of hypertension were carefully examined. In particular, we were anxious to define the hypertensive patients' clinical characteristics and to assess the roles of the sympathetic and renin-angiotensin systems in the genesis of this form of hypertension.
D
URING a 3-month period from March to May, 1977, more than 70% of patients undergoing coronary artery bypass surgery at The Johns Hopkins Hospital experienced vasomotor instability within the first 24 hours following revascularization. While hypotension requiring the administration of vasopressor agents was occasionally noted, the more common problem was that of hypertension. Since the incidence and severity of postoperative hypertension noted in this group was both surprising and disturbing, the circumstances surrounding the development of hypertension were carefully examined. In particular, we were anxious to define the hypertensive patients' clinical characteristics and to assess the roles of the sympathetic and renin-angiotensin systems in the genesis of this form of hypertension.
Methods During a 9-month period from June, 1977, to March, 1978, 52 of 204 patients who underwent coronary artery bypass surgery at The Johns Hopkins Hospital participated in these studies. These 52 were all carefully monitored through the postoperative period by one of us (AP). Patients with known hypertension or a past history of hypertension were excluded, but the study group was otherwise unselected. In every patient, preoperative functional cardiac capacity was evaluated by means of the New York Heart Association criteria. 1 Angiographic coronary artery disease was defined as the presence of a vessel lumen narrowing equal to or greater than 50%. Preoperative hemodynamic variables measured at the time of cardiac catheterization included mean arterial blood pressure (MAP) in mm Hg, left ventricular end diastolic pressure (LVEDP) in mm Hg, left ventricular end diastolic volume (LVEDV) in ml, and left ventricular ejection fraction (LVEF) in %.
Standard anesthetic and surgical techniques were utilized in every patient. Preanesthetic medications included morphine and diazepam. Endotracheal intubation was facilitated by means of pancuronium bromide, and all patients were mechanically ventilated throughout the operative period. Anesthesia was induced by intravenous diazepam, morphine, or thiamylol sodium. Subsequent anesthesia was maintained by fentanyl, morphine, or halothane, in addition to nitrous oxide and oxygen.
Hyperkalemic cardiac arrest was employed in the majority of cases, and standard cardiopulmonary bypass (CPB) with nonpulsatile flow and a bubble oxygenator was utilized in all patients. Pump flow rates were maintained in a range of 2 to 2.5 liters/min/m 3 . Mild systemic (27°-29° C) and in many patients severe local myocardial (4° C) hypothermia was employed. The root of the aorta was cross-clamped either intermittently or continuously for periods varying from 10 to 60 minutes.
All patients underwent coronary artery bypass with reversed saphenous vein aortocoronary grafts. Two patients received prosthetic heart valves, and one underwent concomitant ventricular aneurysmectomy. Before bypass, each patient received heparin (4 mg/kg), which was subsequently counteracted by administration of protamine sulphate. Blood and intravenous fluids were administered when indicated by changes in hematocrit, systemic arterial blood pressure, and left ventricular filling pressure.
Following surgery, all patients were transferred to the surgical intensive care unit where artificial ventilation was continued and vital signs and blood gases monitored. Postoperative pain and/or anxiety were alleviated by use of morphine or diazepam. Cardiac outputs were determined by thermodilution techniques, and systemic arterial blood pressure by means of a radial artery cannula connected to a Statham P23 Db pressure transducer. The MAP was obtained either electrically or by adding to the diastolic blood pressure one-third of the pulse pressure. Postoperative hypertension was defined as the occurrence of a persistent (greater than 15 minutes) elevation of MAP to levels greater than 105 mm Hg during the first 5 hours following the termination of CPB.
In 24 of the 52 patients, perioperative hormonal sampling studies were performed. Blood samples from an indwelling arterial catheter were obtained immediately following the institution of general anesthesia, immediately following and again 15 minutes following the discontinuation of CPB, and immediately before treatment of a hypertensive episode, or 300 minutes following the termination of CPB if hypertension did not occur. Samples for determination of plasma renin activity (PRA) in ng/ml/ hr and angiotensin II (All) in pg/ml were obtained and assayed as previously described,' while those for analysis of total plasma catecholamine concentration (CAT) in pg/ml were obtained and assayed by a modification of the method of Passon 
Results
The clinical and laboratory characteristics of the 52 patients are outlined in table 1. Thirty-two (61%) developed hypertension, while the remaining 20 (38%) remained normotensive. The majority of both the hypertensive and normotensive patients were middleaged white men with severe angina and angiographic evidence of significant disease in all three major coronary arteries. Furthermore, the location of coronary artery disease and results of the preoperative hemodynamic measurements were similar in both hypertensive and normotensive patients.
There was a significant difference, however, in the frequency of preoperative propranolol administration in both groups (table 2) . Thirty (94%) of the 32 hypertensive patients as compared to only eight (40%) of the 20 normotensive patients received propranolol during the 24 hours preceding surgery (x l = 15.4; p < 0.001). In addition, the eight normotensive patients received significantly less propranolol (56 ± 10 mg) (p < 0.001) than their 30 hypertensive counterparts (129 ± 18 mg). Heart rate immediately prior to induction of general anesthesia was also significantly lower in the hypertensive than normotensive group {p < 0.005). As shown in table 3 a strong positive correlation existed between preoperative propranolol dosage and maximal MAP during the first 5 hours following termination of CPB. Maximal MAP did not correlate significantly with age, however, nor with preoperative functional cardiac capacity, coronary angiography, or hemodynamic variables measured at cardiac catheterization.
Although there was some variation in anesthetic and surgical techniques, there was no pattern of use that allowed one to differentiate hypertensive from normotensive patients. Similarly, the two groups exhibited no significant difference in the duration of CPB or the complexity of the surgery as judged by the number of patients requiring additional heart surgery.
Thirty-one of the 32 patients who developed hypertension did so within 2 hours of the termination of CPB, and 14 (44%) of them developed it within the first of these 2 hours. Every hypertensive patient had a MAP equal to or greater than 110 mm Hg, and 19 (59%) had a MAP equal to or greater than 120 mm Hg. In all patients, blood pressure was rapidly and effectively lowered by continuous intravenous infusion of sodium nitroprusside. Based on the duration of nitroprusside administration, hypertensive episodes appeared to last from 4 to 12 hours.
The perioperative blood pressure and hormonal characteristics of the 15 hypertensive and nine normotensive patients in whom hormonal sampling studies were performed are outlined in table 4. Initial measurements of MAP, PRA, All, and CAT, obtained immediately following the induction of general anesthesia, were similar in the two subgroups of hypertensive and normotensive patients. During CPB, blood pressure was decreased (p < 0.001) and CAT was increased {p < 0.005) significantly but equally in both subgroups, while levels of PRA and All remained unchanged. At 15 minutes following the termination of CPB, blood pressure had increased toward normal levels in both subgroups {p < 0.025), and this was accompanied by a modest fall in CAT but unchanged values of PRA and All. The subsequent occurrence of hypertension was associated with no further significant changes in hormonal levels. Thus, while hypertension was associated with elevated levels of CAT, these values were similar to those previously obtained during surgery and were no higher than those measured 300 minutes following the termination of CPB in patients who remained normotensive.
Significant positive correlations were noted between MAP and PRA during the first two sampling periods. These were apparent both in the entire group (r = + 0.58, p < 0.005 for the first period; and r = + 0.57, p < 0.005 for the second period) and in the subgroup of 15 patients who subsequently developed hypertension (first period, r = + 0.61, p < 0.02; and second period, r = + 0.71, p < 0.005). However, no significant correlations existed between maximal MAP and absolute hormonal values, or with the differences noted between values obtained at the differential sampling periods. As was the case in the overall group, a strong positive correlation existed between maximal MAP and preoperative propranolol administration (r = •Values represent probability that observed difference is due to random sampling variation. fValues represent mean ± SBM. MAP = mean arterial blood pressure; CBP = cardiopulmonary bypass. fSampling performed immediately prior to treatment of hypertensive episode. PRA = plasma renin activity; A II = angiotensin II.
{Difference between control and hypertensive observations. SVRI = systemic vascular resistance index; LVSWI = left ventricular stroke work index; CI = cardiac index. + 0.50, p < 0.02 for propranolol dosage 3 days prior to surgery; and r = + 0.42, p < 0.05 for propranolol dosage 1 day prior to surgery).
The relationship of factors other than preoperative propranolol administration to maximal MAP during the first 5 hours following termination of CPB was further evaluated by means of multiple linear regression analysis. In this analysis, maximal MAP was treated as the dependent variable, while age, functional cardiac capacity, preoperative propranolol dosage 3 days prior to surgery, and hormonal values were treated as the independent variables. When the multiple correlation coefficient was calculated for these independent variables, r was + 0.60 and p < 0.002. Since the correlation between maximal MAP and propranolol dosage alone was r = 0.50, it is clear that the contribution of preoperative propranolol administration to this relationship was greater than the sum of all the other variables tested.
Results of the hemodynamic and body temperature measurements obtained in the 19 patients in whom serial observations were performed following the termination of CPB are outlined in table 5. Control measurements were similar in the 11 patients who subsequently developed hypertension and the eight who remained normotensive. In the latter eight patients 'Values represent mean ± SEM. fValues represent probability that observed difference is due to random sampling variation. CPB = cardiopulmonary bypass; CI = cardiac index; LVSWI = left ventricular stroke work index; MAP = mean arterial blood pressure; MPAP = mean pulmonary artery blood pressure; PCWP = pulmonary capillary wedge pressure; PVRI = pulmonary vascular resistence index; SV = stroke volume; SVRI = stroke volume resistence index. VOL 2, No 3, MAY-JUNE 1980 who continued to be normotensivc, a mean of measurements obtained between 60 and 180 minutes following the termination of CPB showed results that were unchanged from control values. In the 11 who developed hypertension, measurements obtained just prior to the treatment of the hypertensive episode demonstrated a significant rise in SVRI {p < 0.001) and LVSWI (p < 0.05) and a significant fall in CI (p < 0.001) and SV (p < 0.005). As shown in table 3, the changes in SVRI and LVSWI were significantly correlated with concomitant changes in MAP (p < 0.05 and p < 0.02 respectively). Hypertension was not associated with any significant changes in heart rate, PCWP, MPAP, and PVRI, or with any significant change in body temperature.
Discussion
Since the original report of Estafanous et al. 4 in 1973, it has become increasingly clear that hypertension may occur following coronary revascularization procedures. Indeed, this constitutes one of the most frequent complications following this form of surgery; it has been reported to occur in 33% to 76% of patients. 8 '* In our present study, using the criteria previously outlined, hypertension was noted in more than 60% of patients following successful surgery. Whatever the exact incidence, postoperative hypertension is a common and potentially dangerous complication, likely to increase morbidity from several causes. Certainly, elevations in blood pressure similar to those noted in our study are recognized as risk factors in the genesis of acute cerebrovascular accidents,' especially in arteriosclerotic patients undergoing cardiac revascularization. Since patients undergoing coronary artery bypass surgery may have areas of cardiac ischemia that cannot be bypassed, the risk of precipitating a myocardial infarction is significant. The increase in LVSWI noted in our study would be expected to increase myocardial oxygen demands, which in the presence of a fixed coronary blood supply might lead to regional ischemia. Laboratory data suggestive of subendocardial hypoperfusion have previously been reported to occur in this situation. 6 Increased postoperative bleeding from suture lines has also been reported during hypertensive episodes following coronary artery bypass surgery.*' 10 The hypertension noted in our study bore many similarities to that previously reported by other investigators; it occurred within the first few hours following surgery, appeared to result from an increase in peripheral vascular resistance," 1 '• '• n and was normalized by administration of intravenous sodium nitroprusside. 4 -7> 10> 1J However, in contrast to the findings of Roberts et al. 7 and Fouad et al., u our findings showed that hypertension was associated with a significant fall in SV and CI and an increase in LVSWI. The importance of these observations is uncertain since concomitant measurements of PCWP were unchanged from control values and within the normal range. The finding of normal wedge pressures, however, may only reflect the fact that hypertension was always treated as soon as our criteria for diagnosis were satisfied. These studies have all been conducted during a relatively unstable physiologic state, and hence different sampling times may in part be responsible for differences between the present and previous studies. 4 "* 1 *~1 2 It is of interest that increases in SV and CI following successful therapy of this form of hypertension have been reported by Niarchos et al. 18 but not Tarazi et al. 14 Although investigators agree on the general characteristics of hypertension and its associated hemodynamic changes, they do not agree as to the pathophysiologic mechanisms involved in its production. They have attributed hypertension to activation of a coronary artery chemoreflex mechanism, 7 a pressor response to reflex activation of other cardiac or aortic receptors, 14 a response to varying anesthetic or operative techniques, 10 or to postoperative pain and anxiety. Studies of the sympathetic and reninangiotensin systems have revealed conflicting results, with some suggesting stimulation of adrenergic 7 '' and others renin-angiotensin systems. Reflex cardiogenic hypertension has been reported as a response to stimulation of both chemoreceptors and mechanoreceptors. Although this type of hypertension has most frequently been reported following stimuli arising within the distribution of the left coronary artery, clearly mechanoreceptors exist in other areas of the heart and great vessels. Tarazi et  al. 14 have presented a strong case for the role of a sympathetically mediated hypertensive reflex following cardiac surgery. Using unilateral stellate ganglion blockade, they achieved normalized blood pressure in 18 (67%) of 27 patients who developed hypertension following coronary artery bypass surgery, and inferentially suggested that the hypotensive response was due to interruption of the afferent limb of a sympathetic pressor reflex.
In our study, there is little evidence to support a role for a coronary artery hypertensive reflex.
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" Both hypertensive and normotensive patients had similar functional and anatomic coronary artery disease, similar surgical procedures as judged by the number of bypass grafts performed, and similar durations of CPB. In contrast to the findings of Roberts et al., 7 we found that vascular lesions in the main left coronary artery were equally common among our hypertensive and normotensive patients. Although variation in anesthetic or operative techniques may influence blood pressure control significantly and thus constitute an important mechanism in the development of hypertension, we found no evidence to support this possibility. The effects of postoperative pain and anxiety are hard to evaluate, but in this and other studies, use of tranquilizers and analgesic agents have failed to prevent the occurrence of hypertension. 4 ' "• 7 Several authors'-7i 1S have suggested an important etiologic role for the renin-angiotensin system, but we could find no evidence for such an association. In this regard, our results agree with those of Wallach et al. ' Most investigators have reported adrenergic stimulation during and after coronary artery bypass sur-gery.
7 ' *• " • " This is not surprising, since the sympathetic nervous system is known to respond to stimuli accompanying cardiac surgery, including anesthetic effects, hypothermia, hypotension (such as that noted during CPB), hypoxia, hypercarbia, and anxiety or pain." Although we found that hypertensive patients had increased levels of circulating catecholamines, in contradistinction to the experience of Roberts et al. 7 and Wallach et al., 8 we and Pratilas et al.™ found that both hypertensive and normotensive patients had equally activated sympathetic systems.
The most impressive difference between the hypertensive and normotensive patients in our study is related to preoperative propranolol administration. In patients who subsequently developed hypertension, chronic propranolol administration was more common and the dosage higher. Very similar circumstances during animal studies were observed by Tyers and Hughes. 23 In their experiments, blood pressure at 1 hour following CBP was decreased in control dogs but significantly increased (p < 0.05) in dogs treated with oral propranolol until 8 hours prior to surgery.
Hypertension in the setting of propranolol withdrawal could result either from excessive sympathetic stimulation in the presence of continued betareceptor blockade or from the occurrence of a rebound hyperreninemic state or hyperkinetic state resulting from excessive beta-adrenergic activity following abrupt cessation of therapy. Although oral propranolol is usually said to have a relatively short half-life," prolonged beta-blocking effects have been reported following discontinuation of propranolol in both animal 28 and human"-M studies. In our study, propranolol was generally discontinued 6 to 8 hours before surgery; therefore, it seems likely that beta blockade could still have been present in many of our patients. This is particularly true of the patients who developed hypertension since they had received the largest preoperative propranolol doses 29 -^ and had a significantly lower heart rate than their normotensive counterparts prior to induction of anesthesia. Propranolol, being a potent betaadrenergic receptor antagonist, blocks the local vasodilating responses that accompany adrenergic stimulation. Thus, catecholamine release during propranolol therapy would produce unopposed alphaadrenergic stimulation with resulting vasoconstriction and hypertension. Hypertension that is reversible by alpha-adrenergic blockade has been noted during propranolol therapy of hyperadrenergic states' 1 ' M and has also been reported following catecholamine administration to both hypertensive" and normotensive 84 patients receiving propranolol. A similar mechanism has been proposed to explain the paradoxical hypertension occasionally reported during chronic propranolol therapy." Since the hypertension noted in our study occurred in the setting of recent propranolol therapy, elevated levels of plasma catecholamines, and an increase in peripheral vascular resistance, it may be caused by unopposed alpha-adrenergic stimulation, at least in part.
An alternative mechanism might be a rebound state following the rapid tapering or discontinuing of chronic propranolol therapy. Rebound hypertension has been reported following abrupt withdrawal of sympatholytic agents."' " In this instance, however it seems unlikely, as one would expect such a state to be manifested by an increase in circulating levels of All or in CI resulting from beta-receptor hypersensitivity to adrenergic stimulation. In addition, propranolol rebound has most frequently been reported 24 to 72 hours following its discontinuation,**' ** considerably later than the timing of the hypertensive episodes noted in our study.
If hypertension following coronary artery bypass surgery does result from unopposed alpha-adrenergic stimulation, one would expect sympathetic blockade to be effective in lowering the patient's blood pressure, and indeed, this has been demonstrated with both thoracic epidural anesthesia 6 and phentolamine administration. 12 Although it is equally true that other agents such as sodium nitroprusside 4 ' 7 ' 10> ll and converting enzyme inhibitor 1 ' are also capable of decreasing blood pressure in this situation, this does not negate the role of the sympathetic system. Sodium nitroprusside is known to be effective even in patients with refractory hypertension resulting from pheochromocytoma, 40 and converting enzyme inhibitor has many actions other than blockade of the reninangiotensin system. 41 It must be emphasized that our findings were obtained in a relatively small group of patients and that the importance of these observations can only be confirmed by further studies. Clearly, propranolol is not the only, nor perhaps the most important, pathogenetic factor involved. Some of our patients developed hypertension despite the fact that they had not received propranolol prior to surgery. In addition, Estafanous et al. 4 noted hypertension following coronary artery bypass surgery in 35% of 76 patients who had not received beta blockers for at least 48 hours prior to surgery.
Our results do suggest, however, that preoperative propranolol therapy may increase the risk of developing hypertension following coronary artery bypass surgery. Perhaps the rapid preoperative tapering or discontinuing of propranolol causes a rebound state, or, more likely, the propranolol-mediated betareceptor blockade causes unopposed alpha-adrenergic stimulation, resulting in hypertension. Preoperative propranolol therapy should not be abruptly withdrawn in any patient as this may precipitate the development of unstable angina, myocardial infarction, or even sudden death." It may not be possible to taper propranolol therapy in some patients with severe angina. However, gradual tapering and discontinuation of propranolol several days prior to coronary artery bypass surgery is possible in the majority of patients and might decrease the prevalence of postoperative hypertension. Naturally, the value of gradual tapering as compared to rapid tapering or no tapering at all can only be proven by a prospective randomized trial, which awaits further study.
